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Thermal Expansion E. G, Wolff Technical Director after October 1973. For a precise method for measuring the stress to produce such an'11 plastic strains, precision strain-gage techniques are used. This ' method involves loading and unloading a material to successively higher stresses and measuring the residual plastic strain between each loading step.
The microyield strength (MYS) is defined as the stress required to produce -1 plastic strain of I 4e.
T 1 ie purpose of this Ltudy was to determine how thermal.-mechanical processing could be used to increase the MYS of Invar sheet, rod, and tube.
A high MYS is desired to minimize dimensional changes due to microcreep during short-term leading. The thermal-mechanical treatments include austenitizing followed by water quenching, long-time thermal treatment at low and high temperatures followed by air or furnace cooling, and stretching, i.e., cold-working.
In 1896, Giullaurne discovered that iron with 36% nickel exhibited an unusually low thermal expansion coefficient. Invar, the name given to this alloy, is used today for optical components, optical component housing, microwave Filters, intercornectors for solar cells, cryogenic piping, waveguides, temperature regulators, and TV camera supports for space probes.
Compared to low-thermal expansion ceramirs or composites, Invar has better machinability, higher thermal and electrical conductivity, higher thermal 
that the MYS ranged from 6 to 24 ksi for Fe-36% Ni with <0. 1% C. The higher MYS values were obtained by using slower cooling rates in the 200 to 4000C 10 temperature range. Marschall reported that the reduction of the carbon content from 0.077 to 0. 01% does not significantly affect the MYS of 1 -mmthick UNISPAN LR 35 sheet. All decarburized specimens had a MYS between 10 and 18 ksi.
The chemical composition of each shape is given in Table 1 condition. Three to six sheet and tube specimens were thermal-processed i• per treatment (Table II) ,
The rod specimens were rough-machined from oversize I/ 2-in. -diamn rod stock to within 0. 10 in. of the required dimensions. Three specimens were thermal-proceoqed per treatment (Table i1 ).
The following sequential machining procedures were performed to reduce surface residual stresses from thermal processing in the specimens: WILI ,- 
N q consisted of: 58 ml HPO 4 (75%, 12 N), It.5 ml HF (70%, 44 N), 106 ml HNO 3 (42° Balme, i5 N) 58 g Fe(NO 3 ) 3 . 6 H 2 0, and 562 g FeCl 3 6 H 2 .
0.
Linear alkylate sulfuric acid (0. 25 g) (wetting agent, Turcoform) was dissolved in distilled water to make I liter of solution. The solution was contained in polypropylene beakers. The specimens were immersed in the i acid solution for 2 min at 63 0 C.
B. MICROYIELD STRENGTH TESTING
A four strain-gage bridge circuit was used for MYS testing. Two active strain gages were mounted on each MYS specimen located on opposing sides. Two dummy strain gages were mounted on a control specimen for temperature compensation. Micro-Measurements (SA-00-500BH-120) strain gages were cemented on the MYS specimen with Micro-Measurements M-Bond Ii 200 and catalyst. Curing was at room temperature.
f. Vishay/Intertechnology Model V/E-20 high sensitivity digital strain indicator with internal calibration was used to measure strain. An Instron testing machine was used to load the specimen. The crosshead speed was 0.020 in. /min during loading and unloading. Testing of the MYS specimens was performed at room temperature in a plexiglass chamber (Fig. 2) . The room temperature was constant within ±0. 5°C during the test period. Oscillations of the system in the unloaded condition averaged ±1 count, which corresponded to a sensitivity of ±0. 1 4e.
Initial tests were made on the 20-mil sheet samples. The stability criterion used was based on loading ýhe sample to between 10 to 25% of the anticipated MYS three times using wedge type grips with pins and then unloading. The absolute strain readings fell within ±0. I ýLe. The strain gages were considered stable if the strain readout showed no drift with time and varied within ±1 count. If stability was not attained, the specimen was regaged.
The specimen was then reloaded to 40% of the anticipated microyield / Figure 8 is a scanning electron micrograph of the 40-mil sheet. The two/illuminated square areas (A and B) were subjected to energy despersive an'ilysis of x-rays (EDAX). The results are shown in Figure 9 . The y-axis is the intensity and is the total number of x-ray counts accumulated in a given time period. The x-axis is the energy of the x-rays in KeV. The first two peaks correspond to the K and K of Fe, respectively, and the remaining two peaks correspond to the K and K of Ni, respectively. The bars in Fig. 9 correspond to iron and nickel peaks in the grain boundary area, whereas the wliite dots correspond to a similar scan of the grain interior, as indicated in Fig. 8 . There was no relative difference in iron and nickel intensity between the two two iregions. EDAX of the rod showed similar results. These results indicate that the Ni and Fe are uniformly distributed in the Invar.
B. MECHANICAL PROPERTIES
Mechanical properties included hardness, yield strength (YS), and ultimate tensile strength (UTS), Young's modulus, and percent elongation. 
D. STRESS VERSUS PLASTIC STRAIN CURVES
Two types of stress-plastic strain behavior are characterized. The 20-mil sheet exhibited a smooth curve as shown in Fig. 10 . The 40-mil sheet in the longitudinal direction exhib:ted an S-shaped curve (Fig. 11) , whereas in the transverse direction, the curve was similar to the 20-mil sheet (Fig. 10) .
The curves for the rod were intermediate. 
1.01.
where K is the preexponential coefficient, n is the microstrain hardening e.xponent, and E is the plastic strain. A smooth curve (Fig, 10) can be described by one set of K and n, whereas an S-shaped curve requires two ,.
sets of these parameters (Fig, 12) . A statistical analysis of all data was performed.
Logarithmic curves were fitted to data below and above the MYS . separate) -and to the combined data. The values of the coefficient of correlation (R) and the number of experimental data points (N) are given in Table IV , Only in the case of the 40-mil sheet in the longitudinal direction -did R for data below, the MYS exceed R for the combined data. This signified that the data for the 40-rnil sheet in the longitudinal direction is more accuSrarely 6escriled 'by two sets of K and n rather than one set of K and n.
,The data described by two sots of K and n suggest that other deformation processes art: beginning to occur due to the 2% stretching.
In comparing the combined data curves, neither n nor K showed any significant trend with thermal mechanical processing for any particular shape, The 20-mil sheet has the highest K values and lowest n values, whereas the rod has the lowest K values and highest n valucs. 
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